At slightly acidic pH, the association of two d(5mCCTCACTCC) strands results in the formation of an i-motif dimer. Using NMR methods, we investigated the structure of [d(5mCCTCACTCC)] 2 , the internal motion of the base pairs stacked in the i-motif core, the dimer formation and dissociation kinetics versus pH. The excellent resolution of the 1 H and 31 P spectra provided the determination of dihedral angles, which together with a large set of distance restraints, improve substantially the definition of the sugar-phosphate backbone by comparison with previous NMR studies of i-motif structures.
P spectra provided the determination of dihedral angles, which together with a large set of distance restraints, improve substantially the definition of the sugar-phosphate backbone by comparison with previous NMR studies of i-motif structures.
[d(5mCCTCACTCC)] 2 is built by intercalation of two symmetrical hairpins held together by six symmetrical CC 1 pairs and by pair T7T7. The hairpin loops that are formed by a single residue, A5, cross the narrow grooves on the same side of the i-motif core. The base pair intercalation order is C9C9 1 
/5mC15mC1
1 / C8C8 1 /C2C2 1 /T7.T7/C6C6 1 /C4C4 1 . The T3 bases are flipped out in the wide grooves. The core of the structure includes four long-lived pairs whose lifetimes at 15 C range from 100 s (C8C8 1 ) to 0.18 s (T7T7). The formation rate and the lifetime of [d(5mCCTCACTCC)] 2 were measured between pH 6.8 and 4.8. The dimer formation rate is three to four magnitude orders slower than that of a B-DNA duplex. It depends on pH, as it must occur for a bimolecular process involving non cooperative association of neutral and protonated residues. In the range of pH investigated, the dimer lifetime, 500 s at 0 C, pH 6.8, varies approximately as 10
ÀpH

INTRODUCTION
In slightly acidic solution, oligonucleotides containing cytidine stretches can adopt a four-stranded structure, the i-motif, built by two parallel duplexes intercalated into each other in a head to tail orientation. The strands of each duplex are held together by hemiprotonated CC + pairs (1) . Tight stacking of the intercalated pairs generates a rigid core of longlived base pairs. In most of the i-motif structures reported, the core is formed of intercalated CC + pairs but TT pairs can be also incorporated in the i-motif core as shown for the tetramers of d(5mCCTCC) (2) , d(5mCCTCTCC) and d(5mCCTCCCTCC) (3) .
In the course of a systematic research of oligonucleotides containing non-C residues that can associate into i-motif structures, we found that d(5mCCTCACTCC) and d(5mCCTCI-CTCC) form stable hemiprotonated structures whose NMR spectra exhibit an exceptionally good resolution. In contrast, the poorly resolved spectrum of d(5mCCCCACCCC) shows the formation of several intercalated structures that could not be resolved. A 5mC residue, providing a marker readily identifiable, was incorporated at the 5 0 end of all the oligonucleotides investigated.
The titration of the multimer of d(5mCCTCACTCC) shows the formation of a dimer. The high definition structure (root mean square deviation, RMSD ¼ 0.66 Å ) computed using 278 distance restraints derived from NOESY experiments and 17 dihedral restraints from E COSY and 1 H-31 P COSY experiments shows two symmetry related hairpins associated into an i-motif structure.
The structures of at least 15 i-motif monomers, dimers or tetramers have been solved by X-ray or NMR methods in the last 12 years, but little is known about the i-motif formationdissociation kinetics (4) . The spectra of d(5mCCTCACTCC) and [d(5mCCTCACTCC)] 2 exhibit several well-resolved NMR lines allowing the measure of the proportion of each species. This provided favorable conditions for a kinetic study of the equilibrium between the monomer and the i-motif dimer. k on , the dimerization rate of d(5mCCTCACTCC) and K dis , the dimer dissociation constant, were measured between pH 6.8 and 4.8 at 0 and 15 C. The dimer dissociation kinetics were measured versus pH on NMR spectra collected at interval right after dilution of concentrated fully dimeric samples. The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org
MATERIALS AND METHODS
Oligonucleotide preparation and NMR samples
The oligonucleotides were synthesized on a 15 mM scale, purified by chromatography on a DEAE column and dialyzed against water. The strand concentration was determined from the absorbance measured at neutral pH using the A 260 value of 68 000 M À1 cm À1 . The strand concentration was 5-10 mM in the structural studies, 1-3 mM in proton exchange experiments and 50 mM to 0.5 mM in the kinetics studies of the mononerdimer equilibrium.
The 
Imino proton exchange
The proton exchange methodology has been extensively described (5) . Imino proton exchange from a base pair requires disruption of the pair. The imino proton of CC + pairs exchanges with water at each opening event, so that the exchange time is equal to the base pair lifetime (6) . The H-bonded imino proton of T and G residues is transferred to water from the open base pair via a proton acceptor (e.g. phosphate) acting as a catalyst. The base pair lifetime is obtained in that case as the extrapolation of the imino proton exchange time at infinite proton acceptor concentration. Exchange times longer than minutes were obtained from the deuteration rate of a protonated sample diluted into 2 H 2 O. Values in the range of 10 À2 to seconds were determined by magnetization transfer from water. Exchange times in the range of milliseconds were identified with the imino proton longitudinal relaxation times.
Association and dissociation kinetics of the dimer of d(5mCCTCACTCC)
The monomer-dimer equilibrium, k on [monomer] 2 ¼ k off [dimer] , is the balance of a bimolecular reaction that depends on the collision rate and effectiveness with which each collision results in strand association and on the dimer dissociation rate.
In a solution where the oligonucleotide is initially in the monomeric form, the dimer concentration versus time, [D] t , depends on the oligonucleotide concentration, [s], the dimer fraction at equilibrium, f, and the dimerization rate k on :
The dimer dissociation constant may be expressed as a function of the oligonucleotide concentration and of the dimer fraction at equilibrium by:
The dimer lifetime
The dimer and monomer concentrations were determined from the area or from the peak height of several markers. The C imino and amino protons, the T imino protons, T7 methyl protons, A(H8), A(H2) and T7(H6) may be used to measure the dimer concentration. The monomer concentration was measured using the adenine aromatic protons. Two dimer markers allowing a better accuracy were selected, in particular for the determination of the shortest reaction rates or for experiments requiring extreme sample dilution. The methyl proton peak of T7(CH3) was selected for its larger intensity and T3(H3) for its short relaxation time (30-50 ms) allowing fast accumulation rate without signal saturation. In the range of pH investigated, the association rate varies approximately as the product: [s] 10
ÀpH
. It could be measured between pH 6.8 and 4.8. Measurements at lower pH would require sample dilution inappropriate to NMR measurements.
To measure k on , the oligonucleotide solution was heated at 100 C in the NMR tube, rapidly cooled during $15 s by immersion in a beaker containing water at the temperature of the experiment (0 or 15 C) and inserted into the NMR probe at controlled temperature. To determine k off , a small volume of a 5 mM fully dimeric solution was rapidly diluted by a factor of 10-100 into the NMR tube. The NMR tube was maintained during $15 s in a water bath at controlled temperature for temperature equilibration and inserted into the NMR probe. The magnet homogeneity was always preset with a dummy sample. The dead time to start the kinetics measurements was $1 min. The number of FID in each block of the series of spectra recorded to follow the kinetics was adapted to the reaction rate and to the sample concentration. The recovery delay was optimized according to the relaxation time of the observed proton. The sample temperature, controlled on the first accumulated spectrum by the proton frequency of the DSS methyl proton, was always found within 2 C of the preset temperature.
NMR methods
The NMR experiments were performed on a 500 MHz Varian Inova spectrometer equipped with a penta probe.
In H 2 O solution, the Jump and return (JR) detection sequence was used for water suppression (7) with maximum sensitivity at 13.5 p.p.m. The NOESY experiments were performed with (256 · 2048) complex points, a spectral width of 12 KHz in both dimensions and a relaxation delay of 1 s. in heteronuclear experiments and a Felix skew factor of 1. In H 2 O solution, the residual water signal was reduced using the time domain convolution function of the Felix software and the spectra were multiplied by ad hoc 1/sin function in the t 2 dimension in order to correct the frequency response to JR detection.
Distance restraint and molecular dynamics
The inter-proton distance restraints were obtained from the build-up of NOE cross peaks measured at 5 C with mixing times of 30, 50, 70, 90 and 250 ms in 2 H 2 O and of 50, 70, 90 and 150 ms in H 2 O. The cross-peak volumes were scaled by reference to the H5-H6 cross peaks (2.45 Å ) or to the intraresidue methyl-H6 cross peaks (2.9 Å ) in the case of cross peaks involving a methyl group. The intra-residue distances were restrained to the measured values with upper and lower bounds of 10-20%, depending on the spectral resolution. The inter-residue distance restraints were sorted into three categories with upper and lower limits of 1.8-2.9, 1.8-3.7 and 2.9-4.7 Å . In the case of cross peaks involving a pair of geminal protons and a third partner (e.g. H2 0 /H2 00 -H1 0 ), or two pairs of geminal protons (amino-H2 0 /H2 00 or H2 0 /H2 00 -H5 0 /H5 00 ), we used only the strongest cross peak as a restraint. To avoid distance misevaluation due to spin diffusion, the distance(s) derived from the weakest cross peak(s) was (were) considered as lower bounds. This procedure accounts for the relatively large number of repulsive restraints used in the structural calculation ( Table 1 ). The structures were calculated using the simulated annealing method of the X-PLOR 3.851 program (12) as reported previously (3). The inter-proton distances shorter than 4.7 Å were systematically searched on the computed conformers using the MOLMOL 2.4 software (13) . Distances incompatible with the NOESY spectra were excluded in further calculations by repulsive constraints of 4.2 Å . This procedure was used only for well-resolved nonexchangeable protons. The computed conformers were minimized by 300 Powell cycles, sorted according to their energy and aligned on the C1 0 -N1 vectors of the paired residues. The 10 structures of lowest energy were selected for structural analysis. The pairwise RMSD the geometry parameters and SDs were computed using X-PLOR and homemade softwares. The structures were visualized using MOLMOL 2.4.
RESULTS
Exchangeable proton spectra and multimer stoichiometry
The proton spectrum of the multimer of d(5mCCTCACTCC) at acidic pH ( Figure 1a (Figure 1c) shows also the formation of hemiprotonated CC + pairs but the poor spectral resolution indicates multiple strand arrangements that could not be resolved.
The multimer stoichiometry was determined by NMR titration and gel filtration chromatography. The NMR titration was performed at pH 5.6 in order to reduce the i-motif stability so as to shift the monomer and dimer concentrations at equilibrium in a range of values accessible to NMR detection. The observation of distinct NMR lines for the equivalent protons of the monomer and multimer species shows that the association-dissociation kinetics is slow on the NMR time scale. The NMR spectra of d(5mCCTCACTCC) solutions (25 mM to 2 mM) show that the multimer concentration increases as the square of the monomer concentration (Figure 2 , left) and thus reveals the formation of a dimer. The dimer 
Spectral identifications
The observation of nine spin systems shows the strand equivalence within the dimer. The non-exchangeable protons of each spin system were identified using TOCSY and NOESY experiments at short mixing times (30 and 50 ms) according to standard procedures (14) . 
and C8C8
+ were identified by the intra-residue imino/amino H5/H6 NOESY cross peaks. Selective saturation at À5 C of the broad 16.1 p.p.m. peak shows a noe to C4 (H4 cis ) that assigns this peak to the imino proton of pair C4C4
+ . The imino protons of pairs C1C1
+ and C6C6 + are not observed owing to fast exchange with water. N3 protonation shifts the amino protons of non-paired cytidines by 1.7 and 2 p.p.m. (15) . As expected for hemiprotonated cytidines, the amino proton chemical shifts of [d(5mCCTCACTCC)] 2 are about midway between those of neutral and protonated cytidines and they are unchanged between pH 4.3 and 6.8. The thymidine imino protons were identified by the intra-residue NOESY cross peaks observed at long mixing time with their own methyl groups. In the dimer of d(5mCCTCITCC), I(H1) was assigned by its noe to I(H2).
Dimer structure i-Motif dimer can be formed by association of two hairpins, either in head-to-tail or in head-to-head orientation (16) . The cytidine imino protons of [d(5mCCTCATCC)] 2 are noeconnected to a single set of amino proton peaks. This indicates that the CC + pairs are symmetrical and, since the paired cytidines of i-motif belong to parallel strands, this implies that the two hairpin loops are on the same side of the i-motif core.
The CC + pairs stacked in i-motif structures are connected by well-characterized NOESY cross-peaks (3). The base stacking order, C9/5mC1/C8/C2/T7/C6/C4, was determined by the H1 0 -H1 0 and amino/imino cross peaks connecting C9/5mC1/C8/C2/T7 and C6 to C4 ( Figure 5 ). The reciprocal amino-H2 0 /H2 00 cross peaks between C1C1 + and C8C8 + and between C2C2
+ and T7T7 ( (17). The NOESY cross peaks between T7 (H3, H6 and methyl protons) and C6 are indicative of stacking interactions ( Figure 5 ). The NOESY cross peaks connecting T3 to C2, T7, C6 and C4 and the fast exchange of T3(H3) suggest that T3 is flipped out of the i-motif core ( Figure 5 ). A5 forms a mini-loop between the base-paired 5mC1-C2-T3-C4 and C6-T7-C8-C9 segments of each hairpin. The A5 loops may cross either the narrow or the wide grooves. The adjacent C4C4
+ and C6C6 + pairs are stacked by the faces oriented in the 5 0 direction. At this step, the P-P inter-strand distances across the i-motif narrow and wide grooves are typically 9 ± 1 and 14.5 ± 1 Å . It is impossible that a single residue could span the wide groove without severe distortion of the adjacent CC + pairs. The presence of an imino proton on pair C4C4
+ (16.1 p.p.m.; Figure 1 ) and the chemical shifts of C4 and C6 amino protons show that both residues form regular hemiprotonated pairs. This implies therefore that A5 crosses the i-motif narrow groove.
The glycosidic angles were constrained by the aromatic-H1 (Figure 4 ). The weak intra residue H6-H5 0 /H5 00 cross peaks observed for residues 1, 3, 6, 7, 8 and 9 correspond to distances >4.2 Å . The H6-H5 0 /H5 00 distances depend on g and c dihedral angles, and to a lesser extend on the sugar pucker. Considering the glycosidic orientations and sugar puckers of these residues, one may compute that H5 0 -H6 and H5 00 -H6 distances >4.2 Å imply that the g angles are in the narrow conformational range: 20 > g > 100 . The sugar backbone was also constraint by the short distances derived from the strong sequential (H2 0 /H2 00 ) n -(H5 0 /H5 00 ) n+1 cross peaks observed at the steps between C2-T3, T7-C8 and C8-C9 (Figure 4 ). For nonambiguous identification of these cross peaks, the H5 0 and H5 00 protons of T3, C8 and C9 were identified stereospecifically. In a nucleoside with g angle in the range of 20-100 , H3 0 is close to H5 0 (3.8-4.1 Å ) and far from H5 00 (4.5-8 Å ). H5 0 and H5 00 were thus distinguished from each other by the intensities of their cross peaks with H3 0 .
Proton exchange and base pair lifetimes
C imino proton exchange is limited by the opening rate of the hemiprotonated pairs (6) . The fast exchange rates of the imino protons of the outer pairs, C9C9 + and C4C4 + and of C6C6 + , the pair stacked to the sequentially adjacent T7T7 pair, indicate lifetimes <1 ms at 0 C. The lifetime of C8C8 + measured by H/D substitution followed in real time is $2 h at 0 C. The lifetimes of C1C1 + and C2C2 + , the pairs stacked on each side of C8C8 + , are $100 times shorter ( Figure 6 ).
The rate of catalysis by phosphate of T3(H3) is comparable with that of the free thymidine. When the phosphate concentration increases, the exchange time of T7(H3) tends towards a limit value corresponding to a base pair lifetime of 0.18 s at 15 C. The six external cytidine amino protons and the H-bonded amino protons of C4, C6 and C9 exchange in <3 min at 0 C, pH 5.6. The exchange times of the Hbonded amino protons of pairs 1, 2 and 8 are extremely long: $5 h at 0 C for the well-resolved amino proton of 5mC1. The proton exchange rates measured on the dimer of d(5mCCTCACTCC) and of d(5mCCTCICTCC) are similar. The rate of exchange catalysis by phosphate of I5(H1) that is only two times slower than that of the inosine monomer shows that I5 is not H-bonded in the dimer.
Association kinetics, dimer lifetime and dissociation constant
The dimer concentration measured as a function of the time in d(5mCCTCACTCC) solutions initially monomeric is displayed in Figure 7a . As it may be expected for a bimolecular process involving protonated residues, the formation rate of [d(5mCCTCACTCC)] 2 increases linearly with the strand concentration (data not shown) and depends on pH. The time constants for dimer formation, D, were obtained from the fits displayed in Figure 7a according to Equation 1.
The dimer fraction at equilibrium, f, was measured for each sample used in the kinetics measurements (Figure 7c) . The rate constants, k on , determined from D and f values according to Equation 2 , are plotted versus pH in Figure 8a . The rate constant for association of neutral and protonated C-rich strands is expected to vary with pH as F(pH), the product of the fractions of protonated and neutral cytidine:
Á 2 where pK N3 is the cytidine pK. According to this model, k on versus pH was fitted with expression:
The fits displayed in Figure 8a yield k 0 on values of 380 ± 80 and 569 ± 150 M À1 s À1 at 0 and 15 C, respectively. The dissociation constant computed from the dimer and monomer concentrations at equilibrium (Equation.
3) varies approximately as 10
À2pH (Figure 8b) . The dimer lifetime, t off , derived from the dissociation constants and k on values (Equation 4) is displayed in Figure 8c . The large error bars on t off values are the propagation of the error on the dissociation constants measured in the range of pH where the monomer concentration in much smaller as that of dimer.
The dimer dissociation kinetics were also measured on spectra recorded as a function of the time, right after dilution of a fully dimeric sample (Figure 7b ). The t off values measured at pH 5.6 versus temperature are displayed in Figure 6 . The activation energy derived from the plot of t off versus 1/ T is 76.7 kJ/mol and t off values measured versus pH are displayed in Figure 8c . It is noteworthy that the measured lifetimes are in good agreement with those computed from K dis and k on values.
DISCUSSION
Dimer structure and internal motions
The structure of [d(5mCCTCACTCC)] 2 displayed in Figure 9 was computed with the distance and dihedral restraints listed in Table 1 . The good resolution of the NMR spectrum provides a high definition structure that exhibits characteristics common to i-motif structures. The structural parameters derived from the analysis of 10 selected conformers are displayed in Table 2 . The restraints violations and the deviations from ideal geometry of the computed structures are listed in Table 1 .
The i-motif core
The dimer is built by two symmetrical hairpins including six CC + pairs and a TT pair. The T3 bases are symmetrically tilted in the wide grooves. T3 unstacking leaves an interval between C2C2
+ and C4C4 + allowing intercalation of the sequentially adjacent T7T7 and C6C6
+ pairs. The stacking interval between the CC + pairs is 3.1 ± 0.1 Å . It is larger between pairs T7T7 and C6C6 + : 3.9 ± 0.1 Å . The helical twist between the paired cytidines, 16 at step 1-2 and 25 at step 8-9 are typical of values observed in i-motif structures. As observed previously in the related structures of [d(5mCCTCC)] 4 (2) and of [d(5mCCTCTCC)] 4 (3), the orientation of the bases of the TT pair results in a reduction of the helical twist at the 5 0 C-T step and in larger twist at the T-C3 0 step ( Table 2 ). The groove widths were defined as the average of the 25 inter-strand distances connecting the five C1 0 , C2 0 , C3 0 , C4 0 and O4 0 atoms of contacting sugars across the narrow and wide grooves. The narrow groove width is 5.2 ± 0.3 Å at the steps where the bases are stacked by the faces oriented in the 3 0 direction. As it is always observed in i-motif structures, it is slightly broader, 6.3 ± 0.5 Å , at the steps where the bases are stacked by the faces oriented in the 5 0 direction. It is much broader, 9.2 ± 0.2 Å , at the steps between T3/T7 and T3/C6. The wide groove width is 11.4 ± 1 Å on the average.
The A5 loop
Simulations enforcing A5 looping across the wide grooves result in disruption of pair C4C4
+ and in inter proton distances inconsistent with the NMR spectra. The sugar of A5 is positioned by the distance restraints derived from five noe cross peaks with the base and sugar protons of C4 and the A5 base is oriented by the A(H2)-C4 (H5 and H1 0 ) cross peaks in + by similar noe cross peaks. This indicates comparable orientations of the purine bases in each structure.
Several dimeric and monomeric i-motif structures have been described. In all the cases the loops crossing the narrow grooves (underlined residues in the sequences below) contain either two residues, as in the cases of the dimer of d(5mCCTCTCC) (2) and of the monomeric i-motif of d(CCTTTCCTTTACCTTTCC) (18) , three residues in the case of [d(CCCCTGTCCCC)] 2 (19) and of the monomeric i-motif of d(CCCTAACCCTAACCCTAACCC) (20) or four residue as shown for the dimer of d(TCCCGTTTCCA) (21) . The present study shows that a single residue can span the i-motif narrow groove without notable distortion of the adjacent CC + pairs. In the extremely stable d(GCGAAGC) hairpin, a mini loop containing a single adenine, A4, has been described (22, 23) , but in this example, A4 is stacked to the adjacent G3 residue which forms a nonstandard G4A5 pair.
Sugar-phosphate backbone
As observed previously in other i-motif structures (20) , the 31 P spectrum of [d(5mCCTCACTCC)] 2 exhibits a good spectral dispersion (2.07 p.p.m.; Figure 3 ). The 31 P spectrum of [d(5mCCTCICTCC)] 2 is nearly super imposable, except for the 31 P at each side of the purine residue (Supplementary  Table S1 ). It has been proposed that the 31 P chemical shifts of B-DNA duplexes are correlated with the e dihedral angles (24) . It may be noticed that the 31 The BI and BII conformations of the phosphate backbone are characterized by the (eÀz) difference (25) . The (eÀz) values measured for the non-paired T3 and A5 residues, 209 ± 9 and 133 ± 59 , respectively, indicate that the phosphor atom at their 3 0 side (P4 and P6) adopt the uncommon BII conformation whereas the (eÀz) values measured for the other residues correspond to BI conformation, as this is generally observed in i-motif structures. The observation that all the residues with strong (weak) H6/H8-H3 0 cross peaks exhibit weak (strong) H3 0 -31 P cross peaks ( Figure 4 ) suggests some correlation between the sugar puckers and e dihedral angles.
The NOESY cross peaks corresponding to short sequential (H2 00 ) n -(H5 0 ) n+1 distances of 2.4-3 Å observed at steps 2-3, 7-8 and 8-9 of [d(5mCCTCACTCC)] 2 were not observed in previous NMR studies of i-motif structures, owing possibly to the poor resolution of the corresponding regions of the NOESY spectra. Examination of i-motif structures from NMR or X-ray studies indicates that short (H2 00 ) n -(H5 00 -H5 0 distances are not characteristic of i-motif structure but the consequence of a combination of six ((n2,e,z) n and (a,b,g) n+1 ) dihedral angles.
Comparison with related structures Figure 9 shows that the structural motif of the core of [d(5mCCTCACTCC)] 2 is closely related to that of the imotif of [d(5mCCTCC)] 4 (2) . This tetramer is built by intercalation of two symmetrical non-equivalent duplexes. The stacking order is C5-5mC1-C4-C2-(T3)-T3-C2-C4-5mC1-C5. In the duplex whose residues are underlined, the thymidines (T3) are looped out. In the other duplex T3 forms a T3T3 pair. The exchange cross peaks observed between the homologous protons of each duplex show that the simultaneous closing of the (T3) residues and opening of the T3T3 pair exchange the duplex structures at a rate close to 1 s at 0 C. Figure 9 shows that equivalent inter-conversion process in [d(5mCCTCACTCC)] 2 would involve opening of pair T7T7 Table 2 . Backbone dihedral angles (aÀz), glycosidic angles (c), pseudo-rotation angles (P), helical twist (h) in the i-motif dimer of [d(5mCCTCACTCC)] 4 Residue (Figure 9 ), the comparison of their base pair opening kinetics shows that in the dimer, the lifetime of pairs C1C1 + , C8C8
+ and C2C2 + is $10-fold that of their counterparts in the tetramer.
The dimer lifetime and the exchange times of the H-bonded amino proton of the three long-lived CC + pairs are comparable ( Figure 6 ). This strongly suggests that amino proton exchange requires dimer dissociation. The huge difference between the exchange times of H-bonded and external amino protons has been noticed in previous studies of i-motif structures (6) . In [d(5mCCTCACTCC)] 2 rotation of the amino group around the C4-N4 bond seems entirely hindered for residues C1, C8 and C2. This is most probably a consequence of the tight stacking of these residues. The comparison of the exchange time of the H-bonded amino protons with that of the free cytidine residue, 0.15 s at 0 C, pH 5.6, (28) provides an upper bound value of 10 À5 for the dissociation constants of pairs 1.8 and 2.
Kinetics of the monomer-dimer equilibrium
The salient feature that emerges from the kinetics study is the slowness of the rates of dimer formation and dissociation. This observation is consistent with the spectacular hysteresis observed in the melting and renaturation profiles of i-motif structures (4) . The formation and dissociation kinetics of [d(5mCCTCACTCC)] 2 shows striking differences with that of Watson-Crick duplexes (29, 30 Between pH 4.8 and 6.8, the association rate, k on , of two d(5mCCTCACTCC) strands into an i-motif dimer vary as 10
ÀpH (Figure 8a ). The origin of this pH dependence is trivial. It reflects the variation of the concentration of the protonated C + partner. It may be predicted that for pH values smaller than the cytidine pK N3 , k on should decrease for a symmetrical reason: the rarefaction of the neutral C partner. Nevertheless, once taken into account the effect of pH on the concentration of the interacting partners, we find that the pH independent rate, k 0 on (Equation 5), is slower by three to four magnitude orders than the association rate of two complementary strands into a Watson-Crick duplex. The variation of k 0 on with temperature corresponds to small activation energy of 13 ± 22 kJ/mole. Oligonucleotide association in Watson-Crick duplexes is described by a model involving the formation of a correct nucleus of a few base pairs, followed by rapid 'zipping' into the fully paired duplex (31) . The formation of an i-motif structure must involve additional steps. By analogy with this 'nucleation-zipping' model, one may imagine a plausible scenario including: (i) the formation a hemiprotonated nucleus; (ii) adequate intercalation during the nucleus elongation of a third strand with appropriate orientation; and (iii) association, in parallel orientation with this stand, of a fourth strand that finally locks the strand assembly into a long-lived structure. Only the initial (monomer) and final (i-motif ) states are populated to measurable extents. Strand mispairing at any step of this pathway should result in unproductive dissociation of the short-lived intermediate species. It may be therefore proposed that this is the multiplicity of the steps required to achieve the formation of a stable structure that accounts for the slow formation kinetics of the i-motif structure.
[d(5mCCTCACTCC)] 2 formation requires the protonation of six cytidines. Hence, a fully cooperative dimerization process would occur at a rate depending on the power of six of the proton concentration. The measured rate that increases as the proton concentration shows clearly that dimerization does not entail the cooperative formation of six CC + pairs and suggests that elongation of the partially hemiprotonated structure occurs step by step via successive formation of hemiprotonated CC + pairs. The lifetime of [d(5mCCTCACTCC)] 2 is in the range of hours around pH 4.8 and it decreases approximately as 10 ÀpH when the pH is raised (Figure 8a) . However, the comparison of spectra at pH 4.8 and 6.8, give no indication for a structural change accounting for the reduction of the dimer lifetime.
The half protonation pH, pH 1/2 , of hemiprotonated pairs depends on the cytidine pK N3 and on the base pair dissociation constant: pH 1/2 % pK N3 À log(K dis ) (32) . Hence, with a lower bound estimation of 10 À5 for their dissociation constants (cf. above), pairs 1.8 and 2 should be stable up to pH 9.3.
The two outer CC + pairs and C6C6 + have extremely short lifetimes and presumably a modest stability. It is probably that at high pH, transient un-protonation increases the open-state lifetime of these pairs and results in destabilization of the inner pair by end fraying. If the disruption of the outer pairs strongly reduces the dimer lifetime, then a small proportion of open pair, undetectable on the dimer spectrum, may efficiently contribute to the reduction of the i-motif lifetime. According to this interpretation, it may be conjectured that the i-motif stability at high pH is strongly dependent on the outer pair stability.
In the monomolecular i-motif structures of d(CCTTTC-CTTTACCTTTCC) (18) and of d(CCCTAACCCTAACCC-TAACCC) (20) , the outer pairs are to some extent protected by the loops that cross the grooves and there lifetimes are at least 10-fold that of the outer pairs of [d(5mCCTCACTCC) ]. This may be in relation with the better stability of the folded structures at high pH and with the observation that the lifetime of the folded d(CCCTAACCCTAACCCTAACCC) structure is the same at pH 5 and 6 (33) . Structures designed with C-rich oligonucleotides terminated with complementary residues allowing the formation of an i-motif core protected at each end by parallel duplex stacked on the outer CC + pairs may provide interesting models to test the effect of end fraying on the stability of i-motif structure.
At last, it may be noticed that the pH dependence of k on and k off results in a reduction of the dimer stability by a factor of 100 when the pH is raised by one unit. This clearly shows that a stabilizing environment, in particular for the outer hemiprotonated pairs, is a sine qua non requirement for the existence of i-motif in the cell environment and for a biological function of i-motif structures.
